Twenty-two aromatic derivatives bearing a chlorine atom and a different chain in the para or meta position were prepared and evaluated for their in vitro antifungal activity against the phytopathogenic fungi Botrytis cinerea and Colletotrichum gloeosporioides. The results showed that maximum inhibition of the growth of these fungi was exhibited for enantiomers S and R of 1-(4 0 -chlorophenyl)-2-phenylethanol (3 and 4). Furthermore, their antifungal activity showed a clear structure-activity relationship (SAR) trend confirming the importance of the benzyl hydroxyl group in the inhibitory mechanism of the compounds studied. Additionally, a multiobjective optimization study of the global antifungal profile of chlorophenyl derivatives was conducted in order to establish a rational strategy for the filtering of new fungicide candidates from combinatorial libraries. The MOOP-DESIRE methodology was used for this purpose providing reliable ranking models that can be used later.
INTRODUCTION
While increased resistance to commercially available agrochemicals has led to the need for new fungicides, the desire for safer and more effective agrochemicals with reduced environmental toxicity also remains a high priority. Essential to fulfilling both of these needs is the identification of new lead candidates that possess high levels of desirable biological activities, reduced levels of unwanted toxicities, new structural types, and perhaps different modes of action in order to avoid the problem of cross-resistance, which is so prevalent among currently used agrochemicals (1 ) . In this context, natural product-based fungicides offer advantages in that they have unique modes of action as well as low mammalian toxicity. An additional benefit is their ability to decompose rapidly, thereby reducing environmental risk. Since phytoalexins are known to exhibit significant antifungal activity (2 ), we have undertaken a screening of analogous compounds (3 ) in order to find substrates with similar antifungal properties.
Our investigations focused on the metabolism of diverse compounds, which are analogous to the phytoalexins produced by the agriculturally important pathogens Botrytis cinerea and Colletotrichum gloeosporioides. These two species are highly destructive plant-pathogenic fungi, responsible for diseases such as gray mold in grapes and anthracnose affecting strawberry fruits and plants (4, 5) . On the basis of previous results indicating that the presence of a hydroxyl group was determined to be fundamental for the expression of the antifungal activity of the compounds studied (6-9), we decided to study compounds containing a secondary hydroxyl group or a ketone in their structure.
A series of chlorophenyl derivatives were prepared and several of these incubated with B. cinerea (7, 10) and C. gloeosporioides (10 ) . The existence of a microbial detoxification pathway for these fungistatic agents suggests that they might not persist in the environment for a prolonged period (7, 10) .
In order to rationalize results and to suggest further optimization of chlorophenyl derivative activity, a MOOP-DESIREbased optimization of the global antifungal profile was done taking both microorganisms into account. In this article, we report the application of this methodology to this field for the first time with the aim of rationalizing the procedure to obtain new chemicals with a broad antifungal spectrum. NMR measurements were obtained on a Varian Inova 400 NMR and 600 MHz spectrometers with SiMe 4 as the internal reference. Mass spectra were recorded on a GC-MS Thermoquest spectrometer (Voyager model) and a VG Autospec-Q spectrometer. HPLC was performed with a Hitachi/Merck L-6270 apparatus equipped with a UV-vis detector (L 4250) and a differential refractometer detector (RI-71). TLC was performed on a Merck Kiesegel 60 F 254 , 0.2 mm in thickness. Silica gel (Merck) was used for column chromatography. Purification by means of HPLC was accomplished using a silica gel column (Hibar 60, 7 m, 1 cm wide, 25 cm long). Chemicals were products of Fluka or Aldrich. All solvents used were freshly distilled. Enantiomeric excesses were determined by means of HPLC analyses on a chiral column (Chiralcel OD, Daicel, Japan).
MATERIALS AND METHODS

General
Obtaining Chlorophenyl Derivatives. Ketones 1, 9, 13, and 18 are commercial products. Racemic alcohols 2, 10, 14, and 19 were prepared from the corresponding ketones according to a previously described procedure (3 ) . Enantiopure compounds 15-17 and 20-22 were obtained through biological methods (3 ) . The rest of the products, 3-8, 11, and 12, were prepared by chemical methods (10 ) .
Microorganism and Antifungal Assays. B. cinerea and C. gloeosporioides cultures used in this work, B. cinerea 2100 and C. gloeosporioides 20122-CECT, respectively, were obtained from the Centro Español de Cultivos Tipo (CECT), Facultad de Biologı´a, Universidad de Valencia, Spain, where cultures of these strains are on deposit. Bioassays were performed by measuring radial growth inhibition on agar medium in a Petri dish at 25°C. Test compounds were dissolved in EtOH to give a final compound concentration in the culture medium of 10 to 150 mg L -1 . Solutions of the test compounds were added to a glucose-malt-peptone-agar medium (61 g of glucose-malt-peptone-agar per L, pH 6.5-7.0). The final EtOH concentration was identical in both the control and treated cultures. The medium was poured into 6-or 9-cm diameter sterile plastic Petri dishes, and a 6-mm diameter mycelial disk of the fungus cut from an actively growing culture was placed in the center of the agar plate. Inhibition of radial growth was measured for 10 days. Results are the means of at least three independent experiments conducted in triplicate. The commercial fungicide Euparen (50, 100, and 150 mg L -1 ) was used as a standard for comparison in this test.
MOOP-DESIRE-Based Optimization of the Global Antifungal Profile. The conventional methods of trial and error to obtain new antifungal compounds are very expensive and take a long time to be carried out. Therefore, theoretical computational methods such as QSAR studies have become an alternative capable of saving time and resources in the antifungal development process allowing an efficient and rapid progress (11, 12) .
The MOOP-DESIRE methodology was employed here to simultaneously optimize and rank a set of candidates according to their global antifungal profile against B. cinerea and C. gloeosporioides. The details of this procedure can be found in refs (13 and 14) .
This approach consists of three main steps including several tasks: I. development of predictive models (PMs) as good as possible in terms of their statistical significance, robustness, and predictive ability for each response; II. conversion of the desirability (d i ) of every compound attending to each biological response on the basis of the PMs developed on the first step into the global desirability (D i ); then, this is used to attain the levels of descriptors for the optimal candidate. III. These results are then used as a template for a ranking algorithm based on quantitative parameters estimated from the description of the cases in order to rank candidates with unknown antifungal profiles.
The main advantage of this methodology is that it is possible to rank new (unknown fungicide) candidates based solely on structural information. It will hence be possible to filter and identify the most promising candidates, which naturally will be placed at the top of the list (the candidates with the lowest Δ i values and consequently the ones most similar to the optimal candidate determined by the desirability-based MOOP process (13, 14) ), and to discard the candidates at the bottom of the list. It is important to emphasize that as in any other computational approach for predicting biological activities, it is necessary to verify the reliability of the models by means of validations techniques (13, 14) .
In this work, two desirability functions (d i ,), one for each response, were fitted. Specifically, antifungal activity against B. cinerea and C. gloeosporioides ought to be maximized. For the estimation of the two d i values, the lower value L i was set to 20% and 25%. The upper value U i , made equal to the target value T i , was set to 70% and 90% for each response. Furthermore, the spline method (15, 16) was used to fit the desirability function, and the current level of each independent variable was set equal to its optimum value. The s parameter was fixed at 1.00 by assuming that the desirability functions increase linearly toward T i for both responses.
Once the kind of function for each response was defined, the global desirability D of each i-th candidate was evaluated to achieve the overall assessment of the desirability of the combined response levels. The optimization of such a function was carried out via the general use optimization function option of the STATISTICA (17 ) general regression module. Then, weights were obtained by means of a nonlinear curve-fitting using the large-scale optimization algorithm (18, 19) implemented in the lsqcurvefit function of the MATLAB program, version 7.2 (20 ) . Details on the validation of the ranking algorithm employed as well as the definition and determination of Ψ can be found in the references (13, 14) .
Computational Methods. Because of the large number of stereoisomers in the data set, we decided to use 3D molecular descriptors to account for their antifungal activity based on the different configurations. The structures corresponding to the racemic compounds 2, 10, 14, and 19 were excluded from the data set to avoid possible noise in the fitness of the model since the antifungal activity of the separated enantiomers was available. The reasonable starting geometries were obtained by resorting to the MM2 molecular mechanics force field (21, 22) . Molecular structures were then fully optimized with the PM3 semiempirical Hamiltonian (23 ) implemented in the MOPAC 6.0 program (24 ).
The optimized structures were then uploaded to the DRAGON software package (25 ) to compute a total of 721 3D molecular descriptors. As part of the necessary variable reduction, descriptors with constant or nearly constant values and those which were highly pair-correlated (|R|> 0.95) were excluded, with the final pool consisting of 649 descriptors.
The variable selection approach used in this work to establish the QSAR models was the genetic algorithm (GA) (26) (27) (28) (29) by means of the BuildQSAR software package (30, 31) . Table 1 depicts the DRAGON molecular descriptors of the chlorophenyl derivatives selected in this study to model antifungal properties against B. cinerea and C. gloeosporioides.
As for the modeling technique, we opted for a regression-based approach; in this case, the regression coefficients and statistical parameters were obtained by multiple linear regression (MLR) analysis using the STATISTICA software package (17 ) . Because of the need for more potent and less persistent new antifungal drugs, we considered their activity reported at 50 μg/mL. Also, the dependent variable was evaluated as the log of the inhibition percentage plus one in order to establish a linear relationship between the activity and the structures under study and avoid the indetermination of the logarithmic function when the percentage values are equal to zero.
The goodness of fit for each predictive model (PM) was assessed by examining the determination coefficient (R 2 ), the adjusted determination coefficient (Adj.R 2 ), the standard deviation (s), Fisher's statistics (F), and the ratio between the number of compounds (N) and the number of adjustable parameters ( p) in the model known as the F statistics. The stability and predictive ability of the models were addressed by means of internal cross-validation (CV), specifically using the leave-one-out (LOO) (32, 33) and bootstrapping techniques (34 ) . The overall desirability determination coefficient for training (R 2 D ) and leave-one-out cross validation (Q 2 D ) were used to test uncertainty in predicting the overall desirability function and the reliability of the simultaneous optimization of the k responses over the independent variables domain, respectively (14 ) .
RESULTS AND DISCUSSION
Twenty-two aromatic derivatives bearing a chlorine atom and a different chain in the para or meta position were prepared and evaluated for their in vitro antifungal activity against the phytopathogenic fungi B. cinerea and C. gloeosporioides.
We had previously shown that (()-1-(4 0 -chlorophenyl)-2-phenylethanol (2) and (R)-(+)-1-(4 0 -chlorophenyl)propan-1-ol (16), compounds analogous to several phytoalexins, are active fungistatic agents against B. cinerea and C. gloeosporioides (3, 35) . Detoxification by these fungi was studied and suggests that they probably would not persist in the environment for long periods post-application (7, 10) .
On the basis of previous results, from which the presence of a hydroxyl group was determined to be fundamental for the expression of the antifungal activity of the compounds studied (6-9), we chose to study compounds that contain a secondary hydroxyl group or a ketone in their structure. Thus, compounds 1-22 were obtained as previously reported (3, 10) .
The antifungal properties of chlorophenyl derivatives were determined against the growth of B. cinerea and C. gloeosporioides using the poisoned food technique (36 ) . Several levels of inhibition were observed. The commercial fungicide Euparen (50, 100, and 150 mg L ) was used as a standard for comparison in this test, showing 100% inhibition for both fungi at all of the concentrations.
According to Tables 2 and 3 , a generalized minor activity of chlorophenyl derivatives was observed against C. gloeosporioides as compared to B. cinerea. For both fungi, poor results were obtained for the epoxy and double bond derivatives at C-1 and C-2, compounds 5 and 6, respectively, and the acetyl derivatives 17 and 22, indicating that the hydroxyl group plays an important role in the inhibitory mechanism.
Also, a decrease in the activity against both fungi was observed when a second hydroxyl group was added to the structure, compounds 7 and 8, exhibiting reduced activity with respect to the monoalcohols 2, 3, and 4.
The results of the antifungal activity screening test indicated that in general the monohydroxylated derivatives, 2, 3, 4, 10, 19, and 21, displayed the best antifungal activity (see Tables 2 and 3 ) against the growth of both B. cinerea and C. gloeosporioides.
In general, the relative position of the chlorine atom in the aromatic ring appears to be important, specially for B. cinerea because para-sustituted compounds are more active than the meta-substituted ones in products of this kind. For example, the para-sustituted chlorophenyl propanols 3, 4, 15, and 16 show greater activity than the meta-sustituted ones 20 and 21 against the growth of B. cinerea. In the case of C. gloeosporioides, this fact is not clear. Compounds 2-4 were the most active compounds against C. gloeosporioides with a 94, 96, and 100% inhibition rate, respectively, after five days at 150 μg/mL. Interestingly, compound 4 displayed a 73% inhibition at the lower concentration assayed, 50 μg/mL.
Cyclopropyl derivatives 9-12 displayed several levels of inhibition against C. gloeosporioides. Surprisingly, (S)-4 0 -chlorophenyl cyclopropyl methanol (12) exhibited weak antifungal activity, while ketone 9 and racemic alcohol 10 displayed high inhibition, 86% and 80%, respectively, at 150 μg/mL after 5 days.
Moderate activity was observed for chlorophenyl propanols 14-16 and 19-21 against the growth of C. gloeosporioides. In both cases, with the chain in para or meta position, the (R)-enantiomers 16 and 21 exhibited greater inhibition of the growth of this fungus.
Compounds 2-4 and 9-11 were the most active compounds against B. cinerea, exhibiting total inhibition after 5 days at 100 μg/mL, and even compound 4 displayed 99% inhibition at 50 μg/ mL after 5 days.
Chlorophenyl propanols 14-16 and 19-21 displayed high antifungal activity against the growth of B. cinerea, especially (R)-(+)-1-(4 0 -chlorophenyl)propan-1-ol (16) , showing almost complete inhibition at 150 μg/mL for 4 days and, interestingly, 74% inhibition at 50 μg/mL after 5 days.
All of the fungitoxic compounds were tested in vivo on the plant Phaseolus vulgaris, and no phytotoxic effect were observed (37 ) .
These results seem to confirm that the presence of a hydroxyl group is fundamental for the expression of the antifungal activity of the compounds studied because it increases the potency of this class of compounds as inhibitors of the plant pathogens B. cinerea and C. gloeosporioides.
In order to quantitatively extend these results, a multiobjective optimization study was conducted considering the antifungal activity of this set of chlorophenyl derivatives against the two microorganisms at the same time. The MOOP-DESIRE methodology was employed for this purpose, optimizing and ranking these candidates in accordance with their global antifungal profile.
Following the strategy outlined previously (13, 14) , we began by seeking the best linear models relating each property to the DRAGON molecular descriptors. One MLR-based PM containing 3 variables previously selected by GA was developed for both properties. The resulting best-fit models are given in Table 4 together with the statistical regression parameters. As can be observed, the models are good both in terms of their statistical significance and predictive ability (see Table 4 ). No violations of the basic MLR assumptions were found that could compromise the reliability of the resulting predictions (see Supporting Information for details).
Another aspect to consider in PM development is the establishment of the applicability domain of the models. Such an analysis is useful for detecting, at the same time, the presence of potential outliers and compounds with leverage value (>h * ) from the training set that influences model parameters to a marked extent resulting in an unstable model. In this sense, it is of great importance to highlight that only predicted data for chemicals belonging to the chemical domain of the training set should be proposed. The same principle must be followed for further design of new potent antifungal compounds. Figure 1 shows the corresponding leverage plots establishing the applicability domain inside a squared area within (2 standard deviations and a leverage threshold h* of 0.667 (38 ) . According to the analysis, compounds 17 and 13 were considered outliers in the models targeting their activity against B. cinerea and C. gloeosporioides, respectively, because their standardized residual values were greater than two standard deviation units. However, considering the excellent values displayed by the statistical parameters of both models, it can be inferred that these compounds do not affect the predictability of the models but rather enrich it with their structural information. In addition, a less rigorous criterion to classify a compound as an outlier has been previously established considering the threshold value for the standardized residuals equal to three standard deviation units (39 ), which is not reached by these chemicals. For these reasons, we decided not to eliminate them.
Because of the large amount of statistical information resulting from developing the MOOP-DESIRE methodology as well as the number of intermediate variables generated, only the essence and the possible application of the final results are going to be discussed in this section. For more details of the results from the in-between steps of the approach, the Supporting Information can be consulted.
The overall desirability function exhibits good statistical quality as indicated by R Table 5 . On the basis of Δ i , it is possible to arrive at a ranking of the chlorophenyl derivatives library with a corrected ranking quality index (Ψ*) of 0.296 representing a percentage of ranking quality (R % ) of 70.37 (13 ) . This ranking, compared with the perfect ranking, is shown in Figure 2 . For more details, Table S5 and Figure S2 of the Supporting Information can be consulted.
As can be seen, some of the compounds' predicted ranks coincide with the order derived from the desirability predicted response (D-based ranking) (6, 11, and 21) , while the rank order of chemicals 1, 3, 4, 7, 13, and 17 shows only a marginal difference of one unit in the ranking covering the entire spectrum of possible degrees of inhibition. Moreover, it is important to stress that compounds 3 and 4 are included among the most active according to the predictions, and this is in agreement with the D-based ranking confirming the model's reliability for future applications. Note that the quality of the ranking attained (R % = 70.37) is similar to the predictability values exhibited by the MOOP processes (Q 2 D(MIC-IC50) = 0.789). This fact indicates that the quality of both processes (desirability-based MOOP and ranking) are strongly dependent on the quality of the initial set of PMs suggesting that the ranking algorithm reflects the quality of the PMs and the MOOP process on which it is based.
It is important to note the fact that only preliminary information is obtained with in vitro bioassays, and further in vivo experiments with selected antifungal derivatives will be necessary to actually determine the disease control ability of these compounds on each pathosystem.
In summary, the activity displayed by the chlorophenyl derivatives studied here demonstrates that the presence of a hydroxyl group is fundamental for the expression of the antifungal activity of these molecules. Maximum inhibition of the growth of both phytopathogenic fungi B. cinerea and C. gloeosporioides was shown for compounds (S)-1-(4 0 -chlorophenyl)-2-phenylethanol (3) and (R)-1-(4 0 -chlorophenyl)-2-phenylethanol (4), interesting products analogous to the phytoalexin resveratrol.
As was illustrated above, the MOOP-DESIRE methodology can be used as a rational strategy to screen new fungicide candidates from combinatorial libraries, always considering those candidates included within the applicability domain of the PMs on which the MOOP and ranking are based. It is worth noting that the compounds included in this study did not exhibit phytotoxic effects when tested in vivo. Therefore, the use of this methodology to select compounds from a library with similar structures will most likely produce safe candidates.
Supporting Information Available: Details on the confirmation of preadopted parametric assumptions, a very important aspect in the application of linear multivariate statistical-based approaches (MLR techniques), and details related to the MOOP-DESIRE methodology results. This material is available free of charge via the Internet at http://pubs.acs.org.
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